CES TRANSACTIONS ON ELECTRICAL MACHINES AND SYSTEMS, VOL. 7, NO. 4, DECEMBER 2023 379

An Improved DITC Control Method Based on
Turn-on Angle Optimization

Chaozhi Huang, Member, CES, Wensheng Cao, Zhou Chen, Yuliang Wu, and Yongmin Geng

Abstract—Switched reluctance motor (SRM) usually adopts
Direct Instantaneous Torque Control (DITC) to suppress torque
ripple. However, due to the fixed turn-on angle and the control
mode of the two-phase exchange region, the conventional DITC
control method has low adaptability in different working
conditions, which will lead to large torque ripple. For this
problem, an improved DITC control method based on turn-on
angle optimization is proposed in this paper. Firstly, the improved
BP neural network is used to construct a nonlinear torque model,
so that the torque can be accurately fed back in real time.
Secondly, the turn-on angle optimization algorithm based on
improved GRNN neural network is established, so that the
turn-on angle can be adjusted adaptively online. Then, according
to the magnitude of inductance change rate, the two-phase
exchange region is divided into two regions, and the phase with
larger inductance change rate and current is selected to provide
torque in the sub- regions. Finally, taking a 3-phase 6/20 SRM as
example, simulation and experimental verification are carried out
to verify the effectiveness of this method.

Index Terms—Switched Reluctance Motor, Turn-on Angle
Optimization, Neural Network, Inductance Change Rate, Torque
Ripple.

I. INTRODUCTION

WITCHED reluctance motor(SRM) has the characteristics

of simple structure, low cost[1], [2], which can be widely
used in various special occasions. However, the disadvantages
of high torque ripple and loud noise limit the application of
SRM. There are two main methods to restrain torque ripple at
home and abroad, one is to optimize the structure, the other is to
optimize the control strategies. In the two methods, optimizing
the control strategy is relatively simple and easy to realize.

In literature [3], a control method of three closed-loop
structure, which controls by changing the flux linkage,
improves the stability of motor operation. In literature [4], the
control performance of genetic algorithm and neural network is
compared, which proves that artificial neural network has

Manuscript received September 25, 2022; revised February 21, 2023;
accepted June 02, 2023. Date of publication December 25, 2023. Date of
current version July 03, 2023.

This work was supported by National Natural Science Foundation of China
under Grant 52167005, Science and Technology Research Project of Jiangxi
Provincial Department of Education under Grant GJJ200826. (Corresponding
Author: Wensheng Cao)

Chaozhi Huang, Wensheng Cao, Zhou Chen, Yuliang Wu, and Yongmin
Geng are with the School of Electrical and Automation, Jiangxi University of
Science and  Technology, Ganzhou 341000, China (e-mail:
huangchaozhi@163.com, cwscaowensheng@163.com, 1530160926(@qq.com,
wuyuliang1016@163.com, 569474503 (@qq.com).

Digital Object Identifier 10.30941/CESTEMS.2023.00043

advantages in response time and control performance. In [5], in
order to obtain the optimal angle of SRM in dual-mode
operation, the relationship between angle and speed is
constructed by analytical formula, thus reducing the torque
ripple in the optimized area. Literature [6] For the nonlinear
parameters of the motor, the artificial neural network is used to
establish the parameter model, and the constructed motor
identification model is accurate and effective, which can
effectively solve the problem of inaccurate parameters.
Literature[7]-[10], direct instantaneous torque is used to reduce
torque ripple. By detecting the rotor position, the sectors are
divided according to the turn-on angle and the turn-off angle,
but the influence of the conduction angle on the motor is
ignored, which causes the large torque ripple and it is difficult
to control under different working conditions. In
literature[ 11]-[ 14], the torque sharing function (TSF) is used to
make each phase torque track the desired torque, so as to reduce
the torque ripple. However, this method has certain influence
on the current waveform and operation efficiency of the motor,
and it is difficult to meet all the performances of the motor at
the same time. In [15], in the commutation area, the
corresponding compensation changes are made to the functions
of the two phases, which makes the TSF more reasonable and
reduces the torque ripple. In [16], aiming at the common open
circuit fault of SRM, a five-level power converter is designed,
which can effectively control the motor when the motor fails. In
[17], the optimal commutation control problem is solved by
selecting the turn-on angle off-line, but there are some
limitations in optimizing the angle off-line. In the literature [18],
the conduction angle was optimized for the maximum torque
produced per ampere (MTPA). So as to increase efficiency and
reduce torque ripple. In [19], the model of flux linkage and
torque is constructed by four series, and TSF control method is
combined to reduce torque ripple. In [20], the GRNN neural
network establishes the mathematical model of flux linkage and
realizes the nonlinear and accurate prediction of parameters. In
[21], using RBF neural network to construct the nonlinear
relationship between different speed, torque, position and
current, and it is also used for torque control to reduce torque
ripple. By analyzing the characteristics of the small inductance
region in the literature [22], the analytical expression of turn-on
angle is derived.

On the basis of the conventional DITC control method, this
paper presents an improved DITC control method based on
turn-on angle optimization. Firstly, the turn-on angle
optimization algorithm based on GRNN neural network is
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constructed, so that the turn-on angle of the motor can be
adaptively adjusted at different speeds and loads. Then,
according to the magnitude of the inductance change rate in the
two-phase exchange region, the exchange region is divided into
two regions, and in each sub-region, the phase with the larger
inductance change rate is preferentially selected to provide
torque. Finally, the effectiveness of the proposed method is
verified through simulation analysis and prototype experiment.

II. NONLINEAR TORQUE MODELING

The nonlinear torque modeling methods of SRM mainly
include look-up table method, analytical method and neural
network modeling method. The Look-up table method is to
construct a three-dimensional model of 7(i, #) by using the
torque, current and position data obtained by finite element
calculation and interpolation. However, the three-dimensional
table with large amount of data will cause the speed of table
lookup to be slow, and the real-time feedback of torque will be
reduced. In the analysis method, the electronic devices are
regarded as an ideal device, and the influence of mutual
inductance is neglected. However, the analytical method needs
to identify more parameters, and the calculation accuracy is not
enough. The neural network has good real-time, high accuracy
and has certain practicability.

In order to avoid the shortcomings of the above-mentioned
look-up table method and analytical method, the improved BP
neural network is used to establish the torque model of
switched reluctance motor. The nonlinear mapping relationship
between current, angle and torque are constructed to realize
real-time feedback of torque.

Through finite element simulation of a three-phase 6/20-pole
permanent magnet assisted switched reluctance motor, the

sample data needed for training the neural network are obtained.

The topology of the motor is shown in Fig. 1. In the simulation,
the angle range is 0 ~ 18°, and 0.5° is the step length. The
current range is 0 ~ 23 A, the step length is 0.1 A, and there are
8547 groups of data.
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Fig. 1. 6/20 SRM topology. (a) 3D model. (b) Two-dimensional model. (c)
Actual prototype.

BP neural network is a feed-forward multilayer
unidirectional propagation network, and the layers of forward

information transmission and backward error propagation form
the learning processes. In practice, it is found that BP neural
network has some problems, such as slow convergence rate and
unsatisfactory fitting effect. In order to overcome the above
shortcomings, this paper combines the adaptive learning
method and additional momentum method to form a
multi-hidden neural network.

When the additional momentum method is combined in the
error handling process, the variation trend of the error will be
involved in the calculation, thus avoiding the local extremum.

8@, (k+1) = (1=m,)5,p, +m.Aw, (k) (1)

Ab,(k +1) = (1= m, )6, +m Ab, (k) )
where 0, represents the residual error, P as the output error of
J-th output node, Aw, is the hidden layer weight correction,
Ab, is the threshold correction of each layer, » is the learning
rate, m, is the momentum coefficient.

Where m, is limited by the sum of squares of errors £(k)in

step k, and the specific formula is as follows:

0 E(k)
m, =40.95 E(k) 3)
m, other

The adaptive learning method automatically adjusts the
learning rate by combining weights and errors in the process of
training and learning. So as to improve the prediction accuracy.
The concrete formula is:

1.057(k) E(k+1)<E(k)
n(k+1)=:0.7n(k) E(k+1)<E(k) 4
n(k) other

The above improvements and sample data are applied to the
training of neural network. With many times of trainings, the
neural network structure as shown in Fig. 2(a) is established.
The training results and errors are shown in Fig. 2 (¢) (d). It can
be seen that the error between the training results and the actual
torque sample data is small, and the error is basically between
-0.5 and 0.5, which realizes the nonlinear mapping of phase
current, rotor position angle and motor torque well.
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(C))
Fig. 2. Improved BP neural network structure and training result diagram. (a)
Improved BP neural network structure. (b) Actual torque surface. (¢) Neural
network training results. (d) Error surface diagram of training result and actual
torque.

III. CONVENTIONAL DITC CONTROL

Direct Instantaneous Torque Control (DITC) is a commonly
used control method to suppress the torque ripple of SRMs. The
block diagram of DITC control system is shown in Fig. 3. The
DITC control system is composed of torque inner loop and
speed outer loop. The system collects the rotor position angle (6)
and current value (i) in real time, and inputs them into the
torque estimation unit, and calculates the instantaneous actual
torque (7). The torque error (AT ) obtained by subtracting the
actual torque (7) from the reference torque (7, ) gets the

switching signals of each phase through the hysteresis
controller, so that the torque error (AT ) is controlled within the
corresponding range and the motor run smoothly. The whole
system mainly includes power converter, hysteresis controller,
torque estimation unit, speed detection and position detection,
etc.
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Fig. 3. Conventional DITC control block diagram.

During an electrical cycle of the SRM, each phase turns on
and off. The area where torque is supplied by single-phase
conduction current is called single-phase conduction region
(SPC), and the area where torque is supplied by two-phase
conduction current simultaneously is called two-phase
exchange region (TPE). In the TPE, the phase in which the
current is rising is the excitation phase, and the phase in the
falling phase is the demagnetization phase. In the
corresponding region, the torque error and the hysteresis
controller of each phase output the switching signals of each
phase. In TPE, the switch on and off of excitation phase and
demagnetization phase are controlled by signals generated by
hysteresis of excitation phase and demagnetization phase,
respectively. When the torque generated by the excitation phase
is too small to bear the total torque, the excitation phase and
demagnetization phase need to be conducted together to
provide the total torque. In SPC, the switch on and off of the

excitation phase is controlled only by the signal generated by
the hysteresis of excitation phase.

In the conventional DITC method, the asymmetric
half-bridge structure is often chosen as the main body of the
power converter, in which each independent bridge arm has
two IGBT and two freewheeling diodes. According to the
turn-on and turn-off of the two IGBT on each bridge arm, there
will be three motor winding states: excitation state 1,
zero-voltage freewheeling state 0, and demagnetization state -1,
as shown in Fig. 4.

State’’0”’

Fig. 4. Three switch states of the power converter.
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The conventional DITC method ignores the control of
current, resulting in large torque ripple and current spike. In the
beginning of TPE, the inductance change rate of excitation
phase is small, resulting in small total torque and torque ripple.
Then, in order to increase the output of torque, a larger current
will be generated. However, at the end of TPE, the change rate
of demagnetization phase inductance is large, and the phase
current decays slowly, which leads to excessive total torque and
torque ripple. In order to reduce torque ripple, an improved
DITC control method based on turn-on angle optimization is
proposed in this paper, which can effectively suppress torque
ripple and improve motor speed and torque performance.

IV. OPTIMIZATION OF TURN-ON ANGLE IN TPE

Fig. 5 shows the relationship between different turn-on
angles and current, where 6,, 6,, 6, represent the turn-on

angles at different positions, ¢, is the turn-off angle, and i,

i,, i, are the currents at different turn-on angles . It can be seen
from the figure that changing the turn-on angle in DITC system
will change the peak value and width of current waveform. The
change of turn-on angle will affect the average torque and
torque ripple of the motor, and the setting of the turn-on angle is
particularly important for torque control and torque ripple
reduction.
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Fig. 5. Relationship between different current, inductance and turn-on angles.
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In the conventional DITC control method, the fixed turn-on
angle will reduce the adaptability of the motor, and it will
produce larger torque ripple when faced with different speeds
and load torques. Therefore, this paper presents an algorithm of
turn-on angle optimization based on GRNN neural network,
which can automatically select the appropriate turn-on angle.

In the actual experiments, BP neural network is suitable for
fitting and forecasting large sample data, while GRNN neural
network is more advantageous for fitting and forecasting small
sample data and unstable data.

The turn-on angle optimization algorithm of GRNN neural
network is to generate the turn-on angle based on the speed and
load torque. In the data samples required by the neural network,
the value range of speed # is 300 ~ 1000rpm, with a step of 100,
while the value range of load torque 7 is 1 ~ 5N-m, with a step
of 1. On the basis of the above speed and load torque, aiming at
the minimum torque ripple, through simulation experiments,
the optimal turn-on angle under different load torques in a wide
speed range is obtained, and finally 40 groups of data are
obtained.

A. Improved GRNN Neural Network.

Mode
layer

Summation
yuu layer

Fig. 6. The structure diagram of GRNN neural network.

Fig. 6 shows the structure diagram of GRNN neural network.
It shows that GRNN neural network is mainly composed of
four layers: input layer, mode layer, summation layer and
output layer. The main workflow of GRNN neural network is as
follows.

At first, variables are input from the input layer and then
passed to the mode layer. The output of the node of the i-th
mode layer can be obtained as follows.

D’
Pi:exp|:_20‘_2:|7i:1)2)'”51< (5)
D} =(X-X) (X-X)i=12K (6)

In the above formula, o is the smoothing factor, X is the
input sample, X,is the learning sample corresponding to the

i-th neuron, D is the square of the Euclidean distance between

Xand X,, and P is the output of the i-th node.

The summation layer is composed of two units, and the
output from the first unit is:

N
S, =Y ¥,P.j=12-.K (7
i=1

where y, is the j-th element in the output vector Y.

The output obtained through the second unit is:
S,=2.P ®)
i=l
The final output layer output is:

T )
y,'_S 5]_:: >

D

where y, is the j-th predicted value.

In this paper, the neural network structure of &

), (T,n) is
constructed by the above formula principle. In this structure,

the input of the training sample of the neural network is
represented by the vector X, :[Jj,n‘.]T composed of load
torque and speed, and the output of neural network is

represented by the vector Y, = [Q]T composed of the optimum

turn-on angle. The input vector X, = [Z A, ]T passes through the

mode layer to get the output P, of the i-th node, then the output
Sp and S; of the summation layer are processed by the

summation layer, and the predicted output angle Y, = [9/. JT is

obtained by the output layer. A four-layer neural network
structure is constructed, in which the speed and load torque are
input and the best turn-on angle is output.

In order to further improve the fitting prediction accuracy of
the traditional GRNN neural network, the K-fold cross
validation algorithm is added to optimize the GRNN neural
network.

The error between the output data of GRNN neural network
and the actual data is mainly determined by the smoothing
factor 6. Usually, the trial algorithm is used to select the
smoothing factor o, but the trial algorithm is cumbersome and
inefficient, resulting in unsatisfactory prediction results. Based
on this shortcoming, the K-fold cross-validation is combined
with GRNN neural network, so as to improve the fitting
generalization ability of the neural network and obtain the best
smoothing factor o.

K-cross validation is to randomly divide data samples into k
data groups, and select one of them as the test set, and the other
K-1 data groups as the training set. After K cycles, the optimal
model is selected by combining the optimal parameters
obtained from each data. Here, 8-fold cross-validation is
chosen to optimize the model, and the data is scrambled into 8
data groups. One group of data is selected as the test set, and the
other 7 groups of data are trained for prediction. Taking the
mean square error (MSE) as the standard, by sampling different
test sets 8 times at a time without repetition, the ¢ of the neural
network with the best generalization performance of the model
was found. The 8-fold-cross verification algorithm is shown in
Fig. 7.

B. Construction of Optimization Algorithm for Turn-on Angle

Since the turn-on angle directly affects the performance of
torque ripple suppression, the optimal turn-on angle in this
paper refers to the turn-on angle corresponding to the small
torque ripple at different speeds and different load torques. The
acceptable standard of turn-on angle is that the torque ripple is
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small under different speeds and loads. The specific
optimization process is shown in Fig. 8.
DATA
Group 1, Group 1, Group 1, Group 1, Group 1, Group 1, Group 1, Group 1,
training training training training training training training prediction
Group 2, Group 2, Group 2, Group 2, Group 2, Group 2, Group 2, Group 2,
training training training training training training prediction training
Group 3, Group 3, Group 3, Group 3, Group 3, Group 3, Group 3, Group 3,
fraining training training training training prediction training training
Group 4, Group 4, Group 4, Group 4, Group 4, Group 4, Group 4, Group 4,
training training training training prediction training training training
Group 5, Group 5, Group 5, Group 5, Group 5, Group 5, Group 5, Group 5,
training training training prediction training training training training
Group 6, Group 6, Group 6, Group 6, Group 6, Group 6, Group 6, Group 6,
training training prediction training training training training training
Group 7, Group 7, Group 7, Group 7, Group 7, Group 7, Group 7, Group 7,
training prediction training training training training training training
Group 8, Group 8, Group 8, Group 8, Group 8, Group 8, Group 8, Group 8,
prediction training training training training training training training

| The value of o

Fig. 7. The 8- fold cross verification algorithm.
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Fig. 8. The training and construction process of GRNN neural network.
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The above improvement is applied to the training of turn-on
angle optimization, and the fitting results and errors are shown
in Fig. 9. As can be seen from Fig. 9(a)-(c), the training results
of GRNN neural network is very close to the actual data, and
the error is between -0.1 and 0.1, with good fitting effect.
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Fig. 9. The fitting result of GRNN neural network. (a) Actual surface. (b)
GRNN neural network fitting result curve. (c) The error between fitting result
and actual surface.

According to the results of the optimization algorithm of the
turn-on angle, the turn-on angle can be adjusted adaptively
according to the speed and load. When the speed or load
increases, the turn-on angle will decrease to increase the
conducting time, so that the exciting phase current has enough
time to rise.

V. SUPPRESSION METHOD OF TORQUE RIPPLE IN TPE

In order to adapt to the optimized turn-on angle, further
reduce the torque ripple, this paper presents a new method to
suppress the torque ripple in the TPE. Fig. 10 shows the
inductance curve from finite element analysis. Take the
commutation process of demagnetizing phase A and exciting
phase B as an example. It can be seen from the Fig. 10 that, at
the beginning of TPE, excitation phase B is in a small
inductance region, and inductance change rate dL/d@ is small.

At this time, phase B has just begun to excite, and the current
value is small; Mean while, the demagnetizing phase A is in the
large inductance region with larger dL/d@, and the current of
phase A at this stage is large. According to torque formula:
T= 1/ 2xi*xdL/d@ , phase A has a strong ability to generate
torque in the early stage of TPE, so the total torque in the early
stage of TPE is mainly provided by phase A.

With the increase of rotor position angle, after the early stage
of TPE, the excitation B phase is located in the area with a large
dL/d6, and the current of the phase B are larger at this time,

thus increasing the torque supply capacity; At this time, the
current of demagnetizing phase A decreases with the shutdown,
and the ability of providing torque is weakened. At the later
stage of TPE, the total torque is mainly provided by Phase B.

Inductance(mH)

100

0, 06 6
Rotor position angled(°)

Fig. 10. TPE partition based on inductance characteristics.
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In the TPE, the conventional DITC control method is: when
the torque is insufficient, the demagnetizing phase will exit the
demagnetizing state and enter the freewheeling state, thus
controlling the torque of the demagnetizing phase to rise. If the
torque still cannot meet the torque required for motor operation,
the exciting phase will be excited. When the torque is too large
and needs to be reduced, the demagnetizing phase should enter
the freewheeling state, and the torque of the demagnetizing
phase should be controlled to decrease. If torque still needs to
be reduced, the demagnetized phase should be demagnetized.

In the conventional DITC control method, the influence of
dL/d@ on excitation phase and demagnetization phase is not

considered in the selection of voltage vector in the TPE, and the
demagnetization phase keeps state 1 in the whole TPE, which
leads to the total torque not increasing or decreasing in time as
required. Therefore, according to the inductance change rate
dL/d@ , the TPE can be subdivided into two regions. As shown

in the Fig. 10, the demarcation 8, between the two-phase

exchange region 1 (TPE 1) and the two-phase exchange region
2 (TPE 2) is the point where the inductance changes obviously.
In the corresponding sub-region, the phase with higher
inductance change rate and current is preferred to provide
torque, so as to restrain torque ripple. The conduction rules of
phase A and phase B in the sub-region are shown in Fig. 11.

Fig. 11. Voltage vector selection principle.

From the above analysis, it can be seen that the total torque in
TPEI is mainly provided by phase A, and the torque provided
by phase B is very small, so phase B keeps conducting in TPEI.
When the total torque error 7, exceeds the hysteresis lower

limit, the phase A is turned off; When the total torque error 7,

exceeds the upper limit of hysteresis, the total torque will be
increased by conducting phase A. In TPE2, the total torque is
mainly provided by phase B. When the total torque error 7,

exceeds the lower limit of hysteresis, both phases are turned off
to reduce the total torque. When the total torque error 7,

exceeds the upper limit of hysteresis, phase A enters the
zero-voltage freewheeling state, and phase B conducts, and the
total torque increases. In other TPE, the two-phase conduction
rules in TPE1 and TPE2 can be analogized in turn.

As shown in Fig. 12, the control method proposed in this
paper constructs a turn-on angle selection algorithm based on
neural network, which selects the turn-on angle in real time
according to the speed and load torque, and divides the TPE
into two regions by the difference of inductance change rate.
According to the turn-on angle optimization algorithm and the

conduction law of the TPE, the torque control performance in
TPE is further optimized.

Power

Torque hysteresis
que iy . converter

controller [mproved

voltage vector

network torque
mapping module

Fig. 12. The control block diagram of the improved DITC control method
based on turn-on angle optimization.

VI. SIMULATION ANALYSIS

A 6/20 SRM model is built in MATLAB/Simulink. The
specific parameters of the motor are shown in Table I. In the
simulation experiment, the conventional DITC control method
and the control method proposed in this paper are compared
and analyzed.

TABLE I

MOTOR PARAMETERS
Parameter Value
Phase number 3
Stator and rotor poles 6/20
Rotor outer diameter (mm) 172
Rotor inner diameter (mm) 143.2
Stator outer diameter (mm) 142
Stator inner diameter (mm) 60
Stack length(mm) 100
Length of air gap (mm) 0.6
Winding turns 55
Minimum inductance (m H) 5.8
Maximum inductance (m H) 13.6
Rated voltage (V) 540
Rated current (A) 30

The torque ripple coefficient is:

max min
K . L —
avg

Where T and T . are the maximum and minimum values

max min

(10)

of the torque, and T

. 18 the average value of the torque.

In Fig. 13-Fig. 16, T represents the total electromagnetic
torque, 7,, 7, and T represent the three-phase torque of the
motor, 7, , i, and i, represent the three-phase current of the

motor. In this paper, the total torque is calculated by using the
superposition theorem. In TPE, the demagnetization phase
current is decreasing, so there is no magnetic circuit saturation
phenomenon. Since the phases of switched reluctance motor
are independent of each other, there is no cross coupling of flux.

The Fig. 13(a) (b) are the simulation waveforms at a given
speed of 400rpm and a load torque of 3N-m. The Fig. 13(a)
shows that the torque of the conventional DITC control method
is between 3.33-2.42N-m, and the torque ripple is 29%. The
conventional DITC method keeps the turn-on angle unchanged.
And it is difficult to adapt to the working conditions, resulting
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in torque ripple.

However, in the same rotor pole distance, the Fig. 13(b)
shows that the torque of improved DITC control method with
on-line optimization of turn-on angle is between 3.3 and 2.9
N-m, and the torque ripple is reduced to 13.3%. In the improved
DITC control method, when the load torque is 3N-m, GRNN
neural network dynamically adjusts the turn-on angle, which
can adapt to this situation and reduce the torque ripple.
Comparing Fig. 13(a) and Fig. 13(b), it can be seen that the
online optimized DITC system can effectively reduce torque
ripple.
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Fig. 13. Waveform of three-phase current, three-phase torque and total torque
(400 r/min, 3 N-m). (a) Conventional DITC method. (b) Improved DITC
method.

Then, the influence of different speeds on the torque is
compared, as shown in Fig. 14. The results show that: Torque
ripple is positively correlated with the increase of speed. Under
the condition of fixed load torque, torque ripple intensifies with
the increase of speed. As the increase of speed, the torque ripple
under the conventional DITC control method increases
obviously, while the improved DITC control method based on
turn-on angle optimization can still maintain a small torque
ripple in the commutation region when the speed increases.
When the load torque is fixed, the torque ripple under the
improved DITC control method is increased to 21.6% with the
increase of the speed, which is 17.7% lower than that under the
conventional DITC control method (39.3%). Therefore, the
proposed control method can effectively suppress the torque
ripple when the speed is increased.

As shown in Fig. 15 the torque ripple of the two control
methods is compared when the load torque is 5 N-m and the
speed is 400 rpm. When the load torque increases, the proposed
control method can still control the torque ripple in a small
range (18%), while the torque ripple of the conventional DITC
control method is increased to 50%. The proposed control
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method can effectively reduce the torque ripple when the load
torque increases.
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(800 1/min, 3 N-'m). (a) Conventional DITC method. (b) Improved DITC
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Fig. 16(a)(b) are the simulation waveform when the load
torque is SN-m, and the speed increases to 800rpm. The Fig.
16(a) shows that the torque of the conventional DITC control
method is between 6.3-4.65N-m, and the torque ripple is 33%.
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In the conventional DITC control method, the turn-on angle is
relatively large, the current rise time is short, and the current
value is small. Thus, the torque is low. Because the torque is
small, the torque will become larger under the action of the
negative feedback of the outer loop. Resulting in a larger total
torque and a larger torque ripple.

However, in the same rotor pole distance, the turn-on angle
optimization algorithm uses GRNN neural network. When the
speed increases, the turn-on angle will be adjusted to a smaller
value, which will make the current rise faster. The larger
current value will lead to the larger torque, and will not produce
a smaller torque. By optimizing the turn-on angle, the total
torque is controlled between 5.42-4.9 N-m, and the torque
ripple is reduced to 10.4%. The improved DITC system has
small torque ripple, which is conducive to the smooth operation
of the motor.
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Fig. 16. Waveform of three-phase current, three-phase torque and total torque
(800r/min, 5 N-m). (a)Conventional DITC method. (b) Improved DITC
method.

The simulation results show that compared with the
conventional DITC method, the improved DITC method can
effectively reduce the torque ripple under different load torques
and speeds. When the load decreases, the turn-on angle can be
increased, and when the speed increases, the turn-on angle can
be reduced, thus reducing torque ripple.

In order to further verify the influence of the improved DITC
control method based on turn-on angle optimization on the
torque ripple of SRM, the exponential TSF and CCC control
methods are compared with the control method proposed in this
paper. The specific performance are shown in Table II.

First of all, when the speed is 400 rpm and the load torque is
3 N-m, the results show that: Compared with the conventional
CCC control method and the conventional TSF control method,
the control method proposed in this paper is reduced by 19%
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TABLE 11
PERFORMANCE COMPARISON OF DIFFERENT CONTROL METHODS
Speed Load torque Torque ripple
Method (rpm) (N- m) (%)
Proposed method 400 3 13
TSF 400 3 29
CCC 400 3 32
Proposed method 800 5 17.3
TSF 800 5 48
CCC 800 5 53

and 16% respectively. Secondly, when the speed is 800 rpm
and the load torque is SN-m, the control method proposed in
this paper is reduced by 35.7% and 30.7% respectively
compared with the conventional CCC control method and the
conventional TSF control method. It shows that the improved
DITC control method proposed in this paper can stably
suppress the torque ripple in commutation region when the
speed and load torque increase. Therefore, compared with the
TSF control method and CCC control method, the improved
DITC control method proposed in this paper has a better
suppression effect on the torque ripple of SRM at different
speeds and loads.

VII. EXPERIMENTAL VERIFICATION

The experimental platform of the control system is shown in
Fig. 17. The experiment platform mainly includes SRM,
magnetic powder brake, control circuit and detection circuit.
The controller uses TMS320F28335 DSP of TI Company as the
control core, and uses absolute value encoder to measure the
rotor position information, and carries out data communication
through ECAN bus. The torque is measured by a torque sensor.

Host computer

Magnetic
powder

brake

N ‘ Torque
% \ sensor

[ Aholuc NS B\n
encoder Jre. 3 3

Fig. 17. Structure diagram and assembly drawing of SRM.

The speed is set at 400rpm and the load torque is 3N-m.
According to conventional and improved DITC control
methods, the experiment was carried out. It can be seen from
Fig. 18-19 that the peak current of conventional DITC is about
11A, the torque is in the range of 3.46-2.4 N-m, and the torque
ripple is 35.3%. From Fig. 20-21, the peak current of the
improved DITC is about 8A, the torque range is 3.4-2.8 N-m,
and the torque ripple is 20%. As can be seen from Fig. 18-21,
the torque ripple of the conventional DITC control method is
obviously larger than that of the improved DTC control
method.

Set the speed to 800 rpm and the load torque to 5 N-m, and
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torque ripple under two control methods, it can be seen that the
improved DITC control method can effectively reduce the
torque ripple.
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Time(400us/div)
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Fig. 18. The current waveform diagram of conventional DITC method.
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Fig. 23. The torque waveform diagram of conventional DITC method.
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the experimental results of the two control methods are shown s ) )
in Fig. 22-25. As can be seen from Fig. 22-23, the peak current 0 3 10 - ‘5( ) 20 23 30
. . .. mes (s
of conventional DITC is about 15 A, the torque is in the range

of 6.46-4.55 N-m, and the torque ripple is 38.2%. It can be seen & 23 The torque waveform diagram of improved DITC method.

from Fig. 24~25 that the peak current of the improved DITC VIIL C
control method is about 10A, the torque is in the range of - CONCLUSION

5.45-4.7 N-m, and the torque ripple is 15%. Comparing the In order to reduce the torque ripple of the DITC control
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method during SRM operation. An improved DITC control
method based on turn-on angle optimization is proposed. The
improved GRNN neural network is used to design the
algorithm of turn-on angle. At the same time, the two-phase
exchange region is divided into two regions according to the
inductance change rate, and different control schemes are
designed in the regions. The following conclusions can be
obtained through simulation analysis and experimental
verification:

1) The GRNN neural network is improved by using K-fold
cross verification algorithm, which improves the fitting
accuracy of the neural network. The improved neural network
can get the corresponding turn-on angle according to the speed
and load torque.

2) According to the inductance change rate, the two-phase
exchange area is divided into two regions. In each region, the
one with larger inductance change rate and current is preferred
to provide torque, which further reduces the torque ripple.

3) Compared with the conventional DITC control method,
the torque ripple of the improved DITC control method is
reduced by 15% and 23% respectively under different working
conditions.
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